Here, we employed cDNA amplicon sequencing using a long-read portable sequencer, MinION, to characterize various types of mutations in cancer-related genes, namely, EGFR, KRAS, NRAS and NF1. For homozygous SNVs, the precision and recall rates were 87.5% and 91.3%, respectively. For previously reported hotspot mutations, the precision and recall rates reached 100%. The precise junctions of EML4-ALK, CCDC6-RET and five other gene fusions were also detected. Taking advantages of long-read sequencing, we conducted phasing of EGFR mutations and elucidated the mutational allelic backgrounds of anti-tumor drug-sensitive and resistant mutations, which could provide useful information for selecting therapeutic approaches. In the H1975 cells, 72% of the reads harbored both L858R and T790M mutations, and 22% of the reads harbored neither mutation. To ensure that the clinical requirements can be met in potentially low cancer cell populations, we further conducted a serial dilution analysis of the template for EGFR mutations. Several percent of the mutant alleles could be detected depending on the yield and quality of the sequencing data. Finally, we characterized the mutation genotypes in eight clinical samples. This method could be a convenient long-read sequencing-based analytical approach and thus may change the current approaches used for cancer genome sequencing.
Introduction
Sequencing technologies have substantially advanced the study of cancer genomics. Large-scale studies, such as The Cancer Genome Atlas (TCGA) 1 and the International Cancer Genome Consortium (ICGC) 2 , have generated catalogs of various types of mutations in cancer cells, and this information is currently an invaluable resource for various purposes. In particular, these data collections provide critical information that can be used to identify the driver mutations in each cancer patient and inform initial therapeutic approaches, including molecular-targeted anti-cancer drugs. For example, several effective anti-cancer drugs are available for the treatment of lung adenocarcinoma. The EGFR tyrosine kinase inhibitors gefitinib and erlotinib have been used to treat EGFR-mutant tumors, 3 while crizotinib and other ALK-kinase inhibitors can be a highly effective therapy for ALK-fusion positive patients. 4, 5 To determine whether these drugs should be administered, it is necessary to sequence the cancer nucleic acids and identify the driver mutation in each case. However, sequencing is limited by the following disadvantages: a large and very expensive instrument is needed; short-read sequencing occasionally overlooks the allelic background of the cancer mutations; and structural aberrations, such as fusion genes and splicing alterations, are typically difficult to detect. MinION, which is a recently developed portable, disposable longread sequencer, 6 has the potential to address the drawbacks of the currently used cancer genome sequencing technologies. MinION is USB-sized and can be operated on a laptop PC. The template preparation takes only 2-3 h and does not require any specific experimental skills. In less than 48 h, hundreds of thousands of reads can be obtained, which are occasionally longer than 10 kb. Recent studies have applied MinION for several purposes focusing primarily on the detection and genotyping of pathogens. For example, one study reported the antibiotic genomic regions in Salmonella strains. 7 In a more clinical setting, real-time sequencing using MinION and a phylogenic analysis of the obtained sequences revealed Salmonella outbreaks in a hospital. 8 More recently, the first field application of MinION was used to diagnose the lethal virus Ebola in Africa. 9 However, an analysis of genomic mutations in cancers using MinION has not been reported, except for a few pioneering studies. 10, 11 To the best of our knowledge, the application of MinION for the identification and characterization of various genomic aberrations in cancer cells remains elusive.
In this study, we assessed the ability of MinION sequencing technology to characterize various types of cancer mutations. We sequenced cDNA amplicons from cancer-related genes and detected single nucleotide variants (SNVs) in EGFR, KRAS and NRAS; a short deletion in EGFR; aberrantly spliced RNAs in NF1; and CCDC6-RET, EML4-ALK, and other gene fusion transcripts in lung adenocarcinoma cell lines. 12 The phasing of the allelic information of the mutations was also examined using the long-read sequencing capability of MinION. We used cell lines as a model to apply a simple sequencing method to clinical cancer genomes.
Materials and Methods

Cell lines
The lung adenocarcinoma cell lines PC-9, LC2/ad, PC-7, RERF-LCAd2, H1437, H1975, H2228, H2347, A549 and H322 were used in this study (Supplementary Table S1 ) and have been previously described. 12 Total RNA was extracted from frozen cancer cell pellets using the RNeasy Maxi kit (Qiagen). The total RNA was assessed using an Agilent BioAnalyzer (Agilent), and the total RNA samples satisfied an RNA Integrity Number (RIN)>9. For the H1975 and A549 cell lines, the genomic DNA was extracted from 1 Â 10 7 cell pellets using the DNeasy Blood & Tissue Kit (Qiagen). The extracted genomic DNA was eluted into 200 ll Buffer AE.
Clinical samples
The RNA samples were obtained from eight Japanese lung adenocarcinoma patients after obtaining their appreciated informed consent and the institutional review at the National Cancer Center Japan. The total RNA was extracted from frozen tissues using TRIzol (Invitrogen) as previously reported. 13 The RNA was assessed using an Agilent BioAnalyzer (Agilent). All samples satisfied RIN > 7.
RT-PCR
Prior to the cDNA synthesis, the total RNA (approximately 10 lg from the cell lines and 500 ng from the clinical samples) was treated with DNase I (Takara) in a buffer containing 8 mM S1 and Supplementary Table S2A . The primers were designed using Primer3plus. 14 After the PCR reaction, the amplicons were purified using a QIAquick PCR purification kit (Qiagen).
PCR of EGFR using genomic DNAs
For the PCR reaction, 1ll genomic DNA templates were mixed with 25 ll 2Â Phusion Master Mix (Finnzymes), 19 ll nuclease-free water, 2.5 ll forward primer (10 lM) and 2.5 ll reverse primer (10 lM).
The mixed samples were amplified using 1 cycle of 40 s at 98 C; 40 cycles of 10 s at 98 C, 30 s at 60 C and 1 min at 72 C; and a final 10 min cycle at 72 C. The PCR primers are shown in Supplementary   Table S2B .
MinION library preparation for the cell lines
Using a mixture of cDNA amplicons, MinION sequencing libraries were prepared using the Nanopore Sequencing Kit (SQK-MAP005, Oxford Nanopore Technologies) according to the manufacturer's instructions. In total, 1 lg cDNA amplicons were prepared in 80 ll 
Alignment of MinION sequencing data of cDNA amplicons
The fastq files for the template, complement or 2D reads were converted from fast5 files using poretools version 0.5.1. 15 Both 'pass'
and 'fail' reads were used in this study. To compare the yield and qualities of the reads under different alignment conditions, LAST (version 658). 16 and BWA (version 0.7.12-r1039). 17 were used with the following sets of parameters; 1) BWA in ont2d mode; 2) LAST with the default parameter; 3) LAST with a match score of 1 (-r1), mismatch cost of 1 (-q1), gap existence cost of 1 (-a1) and gap extension cost of 1 (-b1); and 4) LAST with a gap existence cost of 12 (-a12), insertion existence cost of 15 (-A15), gap extension cost of 4 (-b4) and insertion extension cost of 4 (-B4) as determined according to the last-train. 18 LAST uses the fastq quality data (with -Q1) to obtain more accurate alignments. 19 The gap costs correspond to a statistical model of the specific probabilities of opening and extending insertions and deletions. The last-train determines the probabilities (and therefore costs) that fit the given sequence data. In these data, insertions are rarer than deletions; thus, their cost is higher. Using LAST with the parameters -a12, -A15, -b4 and -B4, all 2D reads were mapped onto the 32,104 reference mRNA sequences based on the annotation file (refGene.txt) distributed by the UCSC Genome Browser (https://genome.ucsc.edu/). 20 The alignments with the best score in each query were extracted and used for further analysis. When the scores were identical for two hits, the first hit was selected. When the read was aligned to different isoforms of the same gene with identical scores, the representative isoform was prioritized (representative isoforms selected were NM_005528 in EGFR, NM_004985 in KRAS, NM_002524 in NRAS, NM_000267 in NF1, NM_019063 in EML4, NM_020630 in RET, NM_000855 in GUCY1A2, NM_025202 in EFHD1, NM_004198 in CHRNA6 and NM_022464 in SIL1 according to Illumina RNA-Seq data previously published in the DNA Data Bank of Japan (DDBJ) under the accession number DRA001846 12 ).
Alignment of MinION sequencing data of genomic DNA amplicons
Using LAST (version 658) with the parameters -a13, -A14, -b4 and -B3 which were determined by the last-train, all 2D reads were mapped onto chromosome 7 of the human genome UCSC hg38. The best alignments in each query were determined using last-split.
Detection of SNVs
Using the MinION reads, SNVs were detected as follows: 1) the reads aligned to the EGFR, KRAS, NRAS and NF1 target regions were extracted; 2) at each position, the depths of each base context were calculated considering only reads without errors 63 bp of that position, and consensus sequences were constructed; 3) the consensus sequences were compared with the reference sequences and the SNVs were detected; and 4) the SNV candidates were verified using the Illumina whole-genome sequencing and RNA-Seq data obtained from the DDBJ under the accession numbers DRA001859 and DRA001846. 12 Consensus sequences for the MinION reads were constructed as shown in Supplementary Fig. S2 (step2). Positions with a read depth of less than 100 were defined as 'Low depth.' Positions in which the types of bases could not be determined were defined as 'Unknown.' A base (A, T, G or C) in a given position was called if the number of supporting reads for that base was more than twice the sum of the other bases. For heterozygous sites, a second base was similarly defined. Reads without mismatches 63 bp of the same position were used.
To verify the SNVs detected by the MinION consensus, the SNVs were also identified using the Illumina RNA-Seq data. 12 The RNASeq data were mapped onto the human reference genome (UCSC hg19) using GSNAP. 21 By scanning all the EGFR, KRAS, NRAS and NF1 target regions, 41 SNVs (variant allele frequency >10%) were detected as a validation dataset. Among the 41 true SNVs, 39 SNVs harboring sufficient depths in the MinION reads were considered true positives.
Detection of deletions and aberrant splicing
To detect short deletions in EGFR, the deletion depths were considered as the consensus sequences were constructed. The deletions were detected similarly to the SNV detection. After comparing to a known driver EGFR deletion, the false positive detections were removed. For aberrant NF1 exon skipping, the reads aligned to NF1 were re-aligned by split alignment using LAST. After calculating the depth of the split alignment, NF1 skipping was observed as site with no or few aligned reads.
Analysis of fusion transcripts
To detect the fusion transcripts and junction points in the MinION reads, the MinION reads were aligned to 32,104 reference mRNA sequences with split alignment 22 using LAST (with the -m1 option to allow for multiple hits). Reads split between two different genes were extracted and counted. Gene pairs supported by more than 100 split reads were defined as fusion transcripts. A position at which the depth most significantly changed was considered a potential junction point. The junction points of known driver fusion transcripts (ALK and RET fusion transcripts) have been confirmed in previous studies.
23-25 To assess the alignment accuracy and confirm the junction points, the MinION reads were also aligned to fused RNA sequences using LAST with the trained parameters described above. In addition, the MinION reads were aligned to 32,104 reference mRNA sequences to avoid a misalignment.
2.13.Phasing
To phase the two EGFR mutations (T790M and L858R) in the H1975 cells, the reads completely covering the EGFR kinase domain were extracted. Reads without any mismatches 63 bp at both mutation sites were used for the phasing. The reads with deletions at the mutation sites were removed from this analysis.
EGFR dilution analysis for mutation detection
PCR amplicons of EGFR (EGFR-i, 3.4 kb) were prepared using cDNAs from H1975 (mutant) and RERF-LC-Ad2 (wild-type) cells.
The H1975 amplicons were diluted with those from RERF-LC-Ad2 at the following ratios: 1:1, 1:4, 1:9, 1:19 and 1:99. The diluted samples were sequenced using MinION according to the manufacturer's instructions. The MinION reads were processed for mutation phasing as described above.
Validation using TA cloning and Sanger sequencing
All driver mutations and junction points in the fusion transcripts were validated by direct Sanger sequencing. The results of the mutation phasing of EGFR in H1975 and junction sequences of EML4-ALK in H2228 were validated with TA cloning using the pMD20-T vector (Mighty TA-Cloning Kit, #6028, Takara). The PCR and sequencing primers are listed in Supplementary  Table S3 . 
Data access
The MinION sequencing data from the cell lines were deposited in the DDBJ under the accession numbers DRA004627 and DRA005767. The MinION sequencing data from the clinical samples were published in the National Bioscience Database Center (NBDC) and DDBJ in Japan with the accession number JGAS00000000065 under controlled access.
Results
Nanopore sequencing of cancer-related genes
Using MinION, which was provided by Oxford Nanopore Technologies (ONT), we sequenced the reverse-transcription (RT)-PCR products from four genes, i.e., EGFR, KRAS, NRAS and NF1, as representative oncogenes and tumor-suppressor genes in lung cancers (Supplementary Table S1 and Supplementary Fig. S1 ; the primer sequences are shown in Supplementary Table S2A) . [26] [27] [28] [29] [30] These genes represent various mutation patterns. Specifically, single base substitutions, short deletions and exon skipping have been reported in the EGFR, KRAS and NRAS genes; the EGFR gene; and the NF1 gene, respectively. We also analyzed the ALK and RET fusion transcripts and several novel fusion transcripts identified in previous Illumina RNA-Seq studies. 12 (Supplementary Table S1 ). In total, 33 PCR products were sequenced. We divided these products into three pools and performed five MinION sequencing runs. In each run, an average of 47,306, 25,948 and 21,812 reads were obtained as 'template,' 'complement' and '2D' reads, respectively (Supplementary Table S4 ).
In the following analysis, we used a total of 109,060 2D reads from the five runs.
As shown in Fig. 1A , the average read length was 1,835 bases. We expected that such generally long reads might sufficiently cover entire target regions, which ranged from 640 to 3,402 bases in length (see below). The base quality values (QV) were approximately 10.5 on average (Fig. 1B , statistics of the template and complement reads are also shown in Supplementary Fig. S3 ). We aligned the obtained reads to the reference human transcript sequences (32,104 transcripts; UCSC Genome Browser 20 ). In the alignment, we compared two commonly used alignment programs BWA (ont2d mode) 17 and LAST (with three sets of parameters). 16 These programs were generally consistent with the aligned reads, although the target cover rates and sequence identities were dependent on the respective parameters ( Supplementary Fig. S4 , the parameters used in this analysis are shown in the Methods section and Supplementary Figure leg ends). Using LAST with the 'trained' parameters, on average 75% of the reads were aligned to the target mRNAs (Fig. 1C) . Under these conditions, at least 150 reads were obtained for each of the bases in the target regions. For the EGFR, KRAS, NRAS and NF1 genes, the aligned reads showed 83% sequence identity on average, and 73% of the reads showed more than 80% sequence identity (Fig. 1D) . We also examined the patterns of the sequencing errors. The error rates for the mismatches, deletions and insertions accounted for 7.3%, 7.8% and 2.5%, respectively, of the total error rate of 17% ( Supplementary Fig. S5A ). Cytosine or guanine bases were more likely to be miscalled. Deletions accumulated more at the homopolymer sites ( Supplementary Fig. S5B and C). We also examined the length of each read that aligned to the target sequence. The results showed that on average, each read covered 82% of the target region, and 66% of the aligned reads covered more than 90% of the target regions, indicating that nearly the full-length of these amplicons was sequenced (Fig. 1E) . These results suggested that the MinION reads obtained in this study are worthy for further analyses, such as mutation detection and phasing.
3.2.Detection of SNVs and other types of cancerous mutations
In the EGFR, KRAS, NRAS and NF1 genes, the expected types of mutations were detected, namely SNVs, short deletions and aberrantly spliced transcripts reflecting a splice site mutation. To detect the SNVs, we constructed consensus sequences for the MinION reads that were aligned to the target transcripts. As shown in Supplementary Fig. S2 , an SNV was considered a possible homozygous SNV if the read count of a particular base (A, T, G or C) at a given position was larger than twice the sum of the other bases. We also considered possible heterozygous SNVs similarly using varying thresholds (see below; also see Supplementary Fig. S2 ). To further refine the detected SNVs, we only considered the reads with no mismatches in the 63 bp region. This filter was useful, likely reflecting the base call scheme of MinION, based on 'squiggle,' a five-base window. Positive  TP  TP  TP  TP  TP  TP  TP  Unk  Unk  PC-9  Negative  TN  TN  TN  TN  TN  TN  TN  TN  TN  RERF-LC-Ad2  Negative  TN  TN  TN  TN  TN  TN  TN  TN  TN  EGFR L858R  H1975  Positive  TP  TP  TP  Unk  Unk  Unk  Unk  Unk  Unk  PC-9  Negative  TN  TN  TN  TN  TN  TN  TN  TN  TN  RERF-LC-Ad2  Negative  TN  TN  TN  TN  TN  TN  TN  TN  TN  KRAS G12S  A549  Positive  TP  TP  TP  TP  TP  TP  TP  TP  TP  H2228  Negative  TN  TN  TN  TN  TN  TN  TN  TN  TN  NRAS Q61R  H2347  Positive  TP  TP  TP  TP  TP  TP  TP  TP  TP  H2228  Negative  TN  TN  TN  TN  TN  TN  TN  TN For the detected SNVs, we validated the correct identification rates by comparing these variants with the RNA-Seq data from Illumina HiSeq. The indicated precision and recall rates of the called SNVs were determined according to the category (putative homo, heterozygous SNVs or 'minor' SNVs reflecting minor cancer cell numbers or mutant alleles in the population). The detection depended on the threshold of the variant allele frequencies (VAFs) of the MinION reads, which is indicated as 'X' in Fig. 2A (also see Supplementary Tables S5 and S6 ). Indeed, the sensitivity and precision of detecting the SNVs primarily depended on the extent of the coverage of the minor SNVs. SNVs with high variant allele frequencies (>75% in the Illumina RNA-Seq data), including homogeneous SNPs and mutations, were detected with high precision and recall rates (87.5% and 91.3%, respectively, when X ¼ 0.9; blue line; Fig.  2A) . However, the performance declined when minor SNPs (>50% or >10% in the Illumina RNA-Seq data) were also considered (precision and recall rates were 85.2% and 71.9%, respectively, when X ¼ 0.5; orange line; 50.7% and 89.7%, respectively, when X ¼ 0.3; black line; Fig. 2A) . Intriguingly, the variant allele frequencies of the known heterozygous SNPs in the MinION reads were highly correlated with those in the Illumina RNA-Seq reads (Fig. 2C) . Notably, most of the representative driver mutations, such as KRAS G12S in the A549 cells and NRAS Q61R in the H2347 cells (Fig. 2B) , were detected.
We further examined the patterns in the false SNV detection. For example, one SNP in the 3' UTR of KRAS (c.*264C > T in A549 and H2228; rs4285970) was not detected using MinION. Upon further inspection, we observed that this SNP is sandwiched between a 4-base homopolymer GGGG and another 4-base homopolymer TTTT ( Supplementary Fig. S6 ), and the deletions were called in most of the reads at this locus. In total, 521 false positive SNVs were called when the threshold 'X' (to 0.1) was lowered to consider the minor SNVs ( Supplementary Fig. S7A ). Among these false positive SNVs, nearly half were located within or adjacent to !3-base homopolymer sequences. In addition, more than 70% of the false positives were miscalls to a surrounding base (61 bp) and/or C > G/G > C errors (Supplementary Fig. S7B and C) . These results suggested that, for a more precise SNV detection, we should consider the presence of homopolymer sites in the surrounding regions. We also found that these errors could be decreased by examining longer matches of the surrounding bases (right, Supplementary Fig. S7C ). A lower accuracy regarding homopolymers is one of the known problems with MinION sequencing. Base-callers occasionally call a wrong number of bases at homopolymer sites. Oxford Nanopore Technologies and several academic bioinformatics teams have been attempting to improve the accuracy by developing several options. Nanopolish (https://github.com/jts/nanopolish) is a software package for MinION data, which attempts to improve the read accuracy. One of the other options is a newly developed base-caller program, Scrappie. Using this program, a more precise estimation of the homopolymer lengths is enabled. Some other programs, which should be complementarily used for the original base-callers, are also under development. Indeed, the increasing noise-prone detection of SNVs with lower allelic frequencies is a concern that is not unique to MinION sequencing and is also an issue for Illumina sequencing, where one of the biggest advantages lies in its overwhelming sequencing depth. Further increasing the sequencing depth in MinION could, at least partially, address this issue.
In addition to the SNVs, other types of mutations were also detected. The PC-9 cells harbored a 15-base deletion in EGFR that was covered by 943 reads without mismatches of 63 bp (Fig. 2D) . No mutant reads were detected in the RERF-LC-Ad2 cells, in which the EGFR gene is not mutated. The precise identification and mutant allele frequency were validated using Illumina RNA-Seq (lower panel, Fig. 2D ). We could also detect aberrantly spliced transcripts. We observed irregular alignments in the sequence reads of the NF1 gene (NF1-ii) in the PC-7 cells that covered a portion of the target length, leaving a long gap in the transcript. We further re-aligned the 3,755 reads to NF1-ii to obtain a split alignment. 22 As shown in Fig. 2E , the split alignment revealed that aberrant exon skipping occurred in exon 19, which eliminated 74 bases from this gene. These results showed that various categories of cancer mutations can be detected by MinION sequencing. All the driver aberrations were validated with Sanger sequencing (Supplementary Fig. S8 ). Additionally, we conducted MinION sequencing of genomic DNA amplicons of the EGFR gene ( Supplementary Fig. S9 and Table S2 ). We could also detect mutations in genomic DNAs. However, the phasing analysis was challenging using the genomic DNA as a starting material because the mutations were occasionally separated by a long distance (e.g., 10.4 kb distance between EGFR T790M and L858R in the genome, Supplementary Fig. S9D ). Particularly, it is practically very difficult or almost impossible to detect the fusion transcripts in the genomic DNA rather compared to the cDNA amplicons. The junction points of the fusion genes are frequently located in a large segment of an intron. PCR should cover very long DNA fragments that include such junction points when genomic DNA was used as the starting material. The detailed analysis of the mutation phasing and fusion genes are described in a later section. In summary, we could detect the driver mutations in the cell lines as follows: four somatic SNVs (KRAS G12S in A549; NRAS Q61R in H2347 and EGFR T790M/L858R in H1975) (Table 1) , a deletion (EGFR E746_A750del in PC-9) and splice aberration (NF1 exon 19 skipping in PC-7), which have also been reported in a previous short-read sequencing study. 12 
Sequencing junction points in fusion transcripts
We also used MinION sequencing to identify fusion transcripts. First, we selected two representative oncogenic fusion transcripts, i.e., EML4-ALK in H2228 cells. 25 and CCDC6-RET in LC2/ad cells. 23, 24 We designed PCR primers allowing for the resulting amplicon to sufficiently cover the potential junction points in the fusion transcripts ( Supplementary Fig. S1 ). A split alignment to the sequence reads was conducted using LAST, which generated 540 and 341 reads bridging EML4-ALK and CCDC6-RET, respectively ( Fig. 3A and Supplementary Table S7) . We also sequenced five other fusion transcripts that were discovered in our previous RNA-Seq study of lung cancers 12 ( Supplementary Fig. S1 ). Using only the short reads, we could not obtain any information other than their junction points. Using the long reads in MinION, we could analyze their entire structures and obtain the phasing information of the junction points and the neighboring mutations/variations. More than 150 reads bridged the fusion partners in all cases (Supplementary Table  S7 ). These reads accounted for 63%, on average, of the reads aligned to either of the fusion partners. We further re-aligned the MinION reads to the detected fusion transcript sequences (Supplementary Table S7 ). The aligned reads showed 82% sequence identity, and an average of 76% of the target regions were covered by the individual reads ( Supplementary Fig. S10 ). Among these, more than 100 reads covered 650 bases of the junction point of each of the fusion genes. RNA-Seq and whole-genome Illumina sequencing data published by a previous study 12 revealed that LC2/ad cells harbor a heterozygous SNP in CCDC6 near the junction point. This SNP was also detected as a homogeneous SNP using MinION, indicating that the gene fusion occurred in the same allele encoding this SNP. This SNP and the gene fusion appeared on the same Illumina reads because the distance between them was only seven bases; therefore, a particularly long MinION read was not necessary in this case. However, a heterozygous SNP (chr2:233498669, G/T) was identified in the fusion transcript EFHD1-UBR3 in PC-9 cells. 12 In this case, the SNP was more than 300 bases from the fusion junction. The results of the MinION sequencing suggested that the gene fusion occurred at the G allele (reference allele of UCSC hg19) of this SNP. Such 'phasing' of multiple SNVs or SNVs with rearrangement points would be difficult using only Illumina short-read sequencing (Fig. 3B) . All fusion junctions were validated by Sanger sequencing (Supplementary Fig. S11 ).
Phasing SNVs and evaluation of the detection limits
Using the long-read sequencing of MinION, we attempted to phase multiple SNVs. We selected the targets as allelic associations of multiple SNVs, which should have direct clinical relevance such as sensitivity to the therapeutic anti-cancer drugs. The Illumina reads revealed that the H1975 cells harbored two mutations, i.e., T790M and L858R, in the EGFR kinase domain. While anti-cancer drugs targeting EGFR mutants, such as gefitinib and erlotinib, are effective for the L858R mutation, the T790M secondary mutation on the same allele, if exists, would suppress the effect of the drugs. 31 The
Illumina sequencing also showed that both mutations were heterozygous SNVs, and we sought to determine whether these SNVs were in the same allele. The MinION sequencing revealed that 71% of the aligned reads (4089/5754 in EGFR-i) covered the kinase domain. We used 677 reads without mismatches 63 bp at both sites. As shown in Fig. 4A , 72% of the reads harbored both mutations and 22% of the reads showed neither of the mutations. These results suggested that these mutations occurred in the same allele and that the remaining allele was not mutated. These results were also validated using TA cloning followed by Sanger sequencing (Fig. 4B ). Small fractions of both the MinION and Sanger reads suggested additional very minor and complicated mutation patterns. Notably, we did not detect any other positions, particularly, in the protein kinase domain. A recently reported mutation, i.e., C797S, is known to render cancers resistant to the third-generation EGFR tyrosine kinase inhibitor AZD9291, which is effective against cancers with double mutations at L858R and T790M. 32 For the prognosis of a possible novel drug resistance, it should be of remarkable clinical relevance to monitor the acquisition of novel mutations, which may occasionally scatter over a wide region beyond the reach of Illumina sequencing, in an allele-specific manner.
Before initiating clinical applications of MinION sequencing, we further investigated whether mutations present at low levels could be detected and phased. This analysis was performed to ensure that the clinical requirements can be met if the cancer cell population is occasionally low in a clinical sample. Using serially diluted samples containing mixtures of the EGFR mutant (H1975) and wild-type (RERF-LC-Ad2) cell lines (mutant:wild type ¼ 1:99, 1:19, 1:9, 1:4 and 1:1), we assessed the number of reads required to obtain sufficient mutant reads and determined the precision at which mutations can be detected and phased in the dilution series (Supplementary Table S8 ). The mutations with the respective frequencies could be detected and phased at almost the expected rates (Fig. 4C) . Indeed, we found that several percent of the mutants were dropped in our dilution analysis. It may be still difficult to detect mutations in very minor population (less than several percent) using MinION. However, the sequencing yields and quality of the MinION data have been continuously increasing; therefore, this 'drop' problem, which is represented by the gray-colored area in Fig. 4C , will become less significant. Indeed, we found the error rates were significantly decreased in the newer version of the flow cell (R9). Using the R9 flow cell, 23,640 2D pass reads were aligned and the reads showed an average of 88.4% sequence identity ( Supplementary Fig. S12 ). More than 45% of the aligned reads harbored more than 90% sequence identity.
Sequencing clinical samples using MinION
Finally, for clinical applications, we performed MinION sequencing using cDNA amplicons prepared from eight Japanese lung adenocarcinoma patients (Supplementary Fig. S13 ). Six patients harbored EGFR or KRAS mutations. To detect the driver mutations in the EGFR and KRAS genes, we amplified target regions of approximately 1 kb that covered the mutational hotspot. Three patients harbored KRAS G12 mutations (G12V in one patient and G12C in two patients, Fig. 5A ) and three other patients harbored deletions in exon 19 of EGFR (L747_T751del in two patients and L747_P753delinsS in one patient, Fig. 5B ). These mutations were further confirmed by Sanger sequencing (Supplementary Fig. S13 ). The variant allele frequencies were calculated by MinION using only reads without any mismatches in the 3-bp region surrounding the mutations, which is consistent with the cell line analysis. The results highly correlated with those obtained by the Sanger sequencing.
The other two patients carried the EML4-ALK and KIF5B-RET gene fusions. By split alignment using LAST, 1,219 and 26,023 reads were aligned to EML4-ALK and KIF5B-RET (Fig. 5C and D) , respectively, in these patients. Using previously reported gene fusion variants as references, we determined that EML4-ALK is variant E18;A20, 4, 33 and KIF5B-RET is variant K23;R12. 13 The precise detection of the junction points was confirmed by Sanger sequencing (Supplementary Fig. S13D ). We also aligned the MinION reads to the fused transcripts to further examine the sequencing accuracy and junction coverage. The reads showed 84% sequence identity on average, and 79% and 69% of the reads, respectively, aligned to the ALK and RET fusions covered the junction points of these gene fusions (650 bp, Supplementary Table S9A) . We also compared the consensus sequences of the MinION reads with those of the Illumina RNA-Seq reads. The overall concordances were consistent with those obtained from the cell line analysis (Supplementary Table S9B ). Furthermore, we conducted a phasing analysis of a short deletion and a heterozygous SNP in EGFR in one patient with EGFR mutations ( Supplementary Fig. S14 ). In total, 88% of the reads showed two major patterns of allelic associations. Based on these results, we concluded that the precise detection of driver mutations by sequencing was also achieved using the clinical samples. The MinION sequencing data of the clinical samples are summarized in Table 2 .
Discussion
In this study, we used a convenient, long-read MinION sequencer for mutation detection and phasing in cancers. We successfully applied the developed approach to identify cancerous mutations in first cultured cell models and then in clinical samples. Despite the error-prone nature of the sequence data of MinION, in the case of homozygous mutant alleles, the cancerous mutations could be robustly detected. We observed that the minor mutant alleles were occasionally difficult to detect depending on the allele frequency. The detection of such a minor mutant allele is often important for many clinical cancers. Tumor cells are evolutionally diverse with genetic heterogeneity within the population and samples are occasionally mixed with normal cells. In the current study, we demonstrate that additional filtration of the data considering 63 bp of the SNVs is useful for lowering the error rate and, thus, for increasing the detection limit. Further bioinformatics tools could address these concerns of accuracy and sensitivity. Moreover, we expect that the drawbacks of MinION should be lessened by rapid improvements in the sequencing technology.
One of the characteristics of MinION is its convenience for use, including its portability and easy settings for the library preparation and sequencing. Although second-generation sequencers have enabled us to easily conduct genotyping in clinical samples, we need to develop simple and cost-effective procedures to identify driver genes in each patient for personalized medicine for various kinds of cancers, particularly lung adenocarcinoma. In our study, we could detect the major driver genes, which have diverse patterns, including point mutations and fusions, using MinION. In lung adenocarcinoma, a number of molecular-targeting medicines are available, such as gefitinib, erlotinib and afatinib for EGFR; 34 crizotinib, ceritinib and alectinib for ALK; 35 and vandetanib and cabozantinib for RET. 36 The detection of KRAS mutations is also required because a large portion of patients harbor these mutations, but there are no effective anticancer drugs targeting KRAS. The simple methods of MinION sequencing could possibly enable small/mid-scale research centers and hospitals to conduct research studies by genotyping driver genes and selecting suitable therapeutic approaches. Following the initial success of this methodological development, the obvious next goal is to expand this approach to other cancers. Thus, additional primer sets should be designed for various genes that have clinical and diagnostic importance depending on the cancer types. Eventually, it would be particularly beneficial to design an array of primer sets covering the representative frequently mutated genes as depicted in some commercial cancer panels. Therefore, further technical developments are needed, such as designing accurate and robust PCR primers for each gene.
In addition to the detection of the cancerous mutations, using the long MinION reads, we could analyze the structural alterations and phasing of SNPs and mutations. It is important to elucidate the allelic background of mutations that are occasionally distantly located. For example, mutual associations between primary and secondary mutations, particularly mutations associated with drug resistance, 31, 32 have important clinical relevance. In addition to the cases of EGFR, various types of associations between primary and secondary/drugresistant mutations have been reported. For example, for ALKfusion-positive lung adenocarcinoma patients, drugs that molecularly target the tyrosine kinases, such as crizotinib, have been used. Similar to other effective anti-cancer drugs, a relapse frequently occurs as resistant clones are developed. Patients move to the second line tyrosine kinase inhibitor, which could also eventually become ineffective. 37 However, intriguingly, very recent reports indicated that, in some cases, the cancer recovers the sensitivity for the previous round of drugs depending on the patterns of the initial and secondary resistant mutations and their allelic backgrounds. 38, 39 For these cases, long-read sequencing could provide indispensable information for selecting the next therapeutic approaches. This study is the first step toward a more widespread application of long-read sequencebased diagnosis in cancers in general clinical practice. Reads aligned to the fusion RNA were used in the calculations.
